The spin transfer torque magnetoresistive random access memory (STT-MRAM) is the leading candidate for spin-based memories. Nevertheless, the high write energy and read disturbance of the STT-MRAM motivated researchers to find other solutions. The spin Hall effect (SHE)-based MRAM is an alternative for the STT-MRAM, which also provides nonvolatility, zero leakage, and competitive area per bit, but with a lower write current. This paper focuses on a systematic performance analysis of these two proposed memory solutions. The SHE requires an external field to deterministically switch perpendicular magnetic anisotropy magnetic tunnel junction (MTJ). A previous experiment showed that the SHE can switch composite MTJ containing an in-plane layer without any field. In this paper, both traditional and composite MTJ structures are modeled in SPICE, which can reproduce realistic MTJ characteristics with user-defined input parameters. This self-contained model is used to compare the write energy and delay of the STT-MRAM and the SHE magnetoresistive random access memory (SHE-MRAM) for various write schemes including thermal fluctuation. Our simulations show, compared with the STT-MRAM, that the SHE-MRAM improves the write delay and the energy by eight times and seven times, respectively. Based on our extensive analysis incorporating the latest advances in magnetic materials and device technology, we predict that the SHE-MRAM is a feasible low-energy memory solution for future computing systems.
I. INTRODUCTION
The CMOS technology defined the way we create, store, transform, and transmit information in the digital age. Moore's law of scaling continued to improve information technology till today. However, we are now approaching fundamental area, power, and performance limitations of the CMOS as we reach the physical limits of silicon. Spintronic devices are potential candidates for a low-power alternative to the CMOS technology to stretch Moore's law beyond the CMOS. There have been many proposals for spin-based logic devices, such as all spin logic [1] , domain wall logic [2] , nanomagnet logic [3] , and voltage-controlled logic [4] . However, the most mature application of spintronic devices so far is in memory applications.
The magnetic tunnel junction (MTJ)-based spin transfer torque magnetoresistive random access memory (STT-MRAM) is considered the most practical spintronic device that can be used in the next-generation microprocessor systems [5] - [9] . The STT-MRAM has shown some benefits over the conventional SRAM-based memory, for example, the nonvolatility, zero static power, and compact bit-cell size [10] - [12] . The STT-MRAM is predicted to outperform the SRAM for higher level cache memory applications by reducing the overall delay and power with shorter global interconnects [13] . However, the key challenge of the STT-MRAM is the high write energy associated with the retention time required for memory applications. There is also a tradeoff between read speed and disturbance. The Spin Hall effect (SHE), a recently experimentally demonstrated phenomenon, is predicted to be an efficient switching mechanism. The SHE magnetoresistive random access memory (SHE-MRAM) provides the benefits of the STT-MRAM and has decoupled read and write path [14] , [15] . The SHE-MRAM has also shown a faster read with a smaller read disturbance [16] .
In this paper, we systemically analyze the performance of the STT-MRAM and the SHE-MRAM considering the probabilistic switching due to thermal fluctuation for various possible write schemes for both traditional and composite [17] MTJ structures using a self-contained MRAM model for the STT, SHE, and SHE-assisted STT. This paper is organized as follows. First, the background and key physics to model the STT-MRAM and the SHE-MRAM are described in Section II. Next, the SPICE model framework is explained in Section III. Section IV contains the performance analysis of the STT-MRAM and the SHE-MRAM using the proposed model, and finally, Section V concludes this paper.
II. BACKGROUND AND KEY PHYSICS

A. MAGNETIC ANISOTROPY
The directional dependence of the magnetic properties of a material is known as magnetic anisotropy (MA). The MA provides an easy axis along which the magnetization can easily be aligned. Based on the source of the MA and the alignment of easy axis, there are a few possible combinations for the MTJ. In-plane MA MTJs (IMTJs) have their easy axis aligned along the plane of the magnet, as shown in Fig. 1(a) . The source of such MA is shape anisotropy. The magnetization, M, aligns with the longest dimension as the demagnetizing field, H d , is stronger along the shorter dimension. The strongest H d in an IMTJ is along the z-axis, which keeps the easy axis in the xy plane. The shape anisotropy field (H K ,shape ) is as follows:
Here, M s is the saturation magnetization and
is the demagnetizing factor of the free layer.
The perpendicular MA (PMA)-based MTJs (PMTJs) have an easy axis aligned along the z-axis as shown in Fig. 1(b) . The source of the PMA can be either interface or crystalline anisotropy. Interface anisotropy-based MTJ (IPMTJ) is achieved using a ferromagnetic electrode interfaced with a tunnel barrier or heavy metal where a ferromagnetic layer is thinner than a critical thickness (t c ), for example, CoFeB interfaced with the MgO layer [18] . Crystalline anisotropy-based MTJ can be designed with a high crystal anisotropy (K u ) material, for example, CoPt, FePd, and Heusler alloys. The effective perpendicular anisotropy field (H K ⊥0 ) is expressed as follows:
Here, K ⊥ is K u of crystalline perpendicular material, and for interface anisotropy, K ⊥ = 2πM 2 s t c /t F , where t F is the thickness of free layer [18] .
B. MTJ SWITCHING MECHANISM
We focus on three MTJ switching mechanisms: spin transfer torque (STT), SHE, and SHE-assisted STT. In addition, we take the effect of external field derived from an independent source or from a modified device structure.
1) SPIN TRANSFER TORQUE
Charge current passing through an MTJ pinned layer becomes spin polarized and exerts a torque on the free-layer. The direction of the applied current and magnetization of the pinned layer, M p , determines the direction of generated torque. A large enough torque can switch the free layer magnetization, M, as shown in Fig. 2 . As M p is fixed, a bidirectional current is required to switch the free layer states. 
2) SPIN HALL EFFECT
A charge current in the heavy metals, such as Ta, W, and Pt, creates a spin current in the transverse direction, which is polarized along the in-plane direction, σ SHE . This effect is known as the SHE, which arises from the spin-orbit interactions [15] . The SHE can provide large enough torque on the adjacent MTJ free layer to switch the magnetization [14] . The traditional SHE devices comprised of a heavy spin Hall metal (SHM) and an MTJ grown on top of the metal [14] , [15] . A bidirectional current in SHM determines the switching direction of the free-layer as shown in Fig. 3 .
The SHE can naturally switch the magnetization in IMTJs [14] , [15] as shown in Fig. 4 (a), since σ SHE is (anti-)parallel to the free layer magnetization, M. However, for PMA, σ SHE is perpendicular to M. As a result, the SHE can bring the PMA free layer up to in-plane level, but cannot deterministically switch it as shown in Fig. 4 (b). An external field is required to break the symmetry for deterministic switching of PMA magnetization [14] , [15] , [19] , [20] as shown in Fig. 4 (c).
C. DYNAMIC MOTION OF MAGNETIZATION
The effective field experienced by the free layer in the absence of any external field, H eff0− , is governed by demagnetization field along z-axis H d
The effective field of a PMA MTJ H eff0⊥ (t) is a combination of both
The Landau-Lifshitz-Gilbert (LLG) equation is a differential equation that describes the precessional motion of a timevarying magnetization vector
Under an STT current density J STT and SHE current with density J SHM it is given by
Where
Here, γ is gyromagnetic ratio, α is damping constant,h is reduced Plank's constant, e is the charge of an electron, P is spin polarization factor, and t f is thickness of MTJ free layer, spin Hall angle, θ SHE is a geometry-dependent parameter, σ SHE is the spin polarization direction, and H eff incorporates the external field, H app . When there is no applied field, H app = 0. Equation (5) provides a complete representation of a system describing STT-only, SHE-only, and SHE-assisted STT switching with and without the presence of an external field. A summary of different variables in (5) is shown in Table 1 .
The magnetization reversal with STT and SHE is shown in Fig. 5 . The STT is proportional to the sin function of angle between M and M p , which is initially very small. Thus, it requires a longer time for STT to begin the reversal, but it can switch quickly after initiation. The SHE depends on the angle between σ SHE and M, which are initially perpendicular to each other. Hence, the SHE can quickly bring the magnetization to the in-plane level, but it takes a longer time to complete the reversal. Therefore, we also considered the SHE-assisted switching scheme, where a small SHE current pulse creates a large angle and the STT can quickly switch the magnetization reversal [21] .
D. SPIN HALL EFFECT EFFICIENCY
The SHE efficiency is defined as the spin polarization ratio, P SHE , which depends on the geometry of SHM and MTJ as well as the bulk spin hall angle θ SHE0 [22] , [23] 
Here, A MTJ (A SHM ) is the cross sections of MTJ (SHM), and J MTJ (J SHM ) is the current density in the MTJ (SHM). The Spin Hall angle, θ SHE , is defined as the ratio between charge and spin current density in SHM, θ SHE0 is the bulk spin Hall angle, and t SHM and λ SHM are the thickness and spin diffusion length of SHM, respectively. The tradeoff between θ SHE and the ratio (A MTJ /A SHM ) shown in Fig. 6 requires a geometry optimization.
E. COMPOSITE STRUCTURE OF SHE-MRAM
Several proposals have been made to switch PMTJ with SHE without the an external field [24] - [26] . While these proposals solve the field requirement, they still have challenges in fabrication, scaling, or building a full-MTJ. A simpler device with an in-plane magnetic layer (IPM) on top of the conventional MTJ as shown in Fig. 7 was proposed in [17] . The IPM layer of this composite structure provides the necessary field to deterministically switch the PMA free layer with the SHE. In this paper, both conventional and composite MTJ are modeled in SPICE.
A simplistic way to calculate the external field due to the stray field from the IPM layer acting on the free-layer is to use the magnetostatic potential method [27] . The expression of the magnets field in space becomes
Here, M is the magnetization direction, M · n is the source of demagnetization field, r is the position vector of the point to measure the field, and r is the position vector of the point in the magnet. An IPM layer with dimension 100 nm × 50 nm × 7 nm has an average stray field of 42 mT inside the free layer with a cross section of 45 nm × 45 nm. The in-plane and outof-plane components of H s are shown in Fig. 8 as H sx and H sz . As H sx inside free-layer is very close to uniform, we assumed a uniform field of 40 mT for simplicity.
F. EFFECT OF TEMPERATURE
The saturation magnetization M s and polarization factor P are temperature-dependent material parameters. The thermal stability factor and performances of MTJ depend on the system temperature as well [28] 
Here, M s0 and P 0 are the saturation magnetization and polarization factor at 0K , respectively, T c is the Curie temperature, and β and α sp are material-dependent empirical constants. 
G. THERMAL FLUCTUATION
Previous macrospin models assumed a fixed initial angle, which is a function of thermal stability factor [28] θ ini = sin
This fixed initial angle assumption overlooks the thermal fluctuation. The initial angle follows a Fokker-Plank distribution that produces a nondeterministic transient behavior. The distribution ρ initial (θ) is defined as follows [29] and shown in Fig. 9 :
Here, is the thermal stability factor. The switching probability for a fixed write current can be found by running a Monte Carlo simulation of LLG equation with a set of initial angle sampled from (14) [30] .
The Cartesian components of the random thermal field during the switching process follows independent Gaussian distributions with zero mean and standard deviation σ H th :
Here, k B is the Boltzmann constant, µ 0 is the permeability, γ is the gyromagnetic ratio, and δt is the time step.
H. TUNNEL MAGNETORESISTANCE
The tunnel magnetoresistance (TMR) of the MTJ is defined as (R AP − R P )/R p where R AP and R P are the antiparallel and parallel resistances of MTJ, respectively. The TMR of the MTJ depends on the voltage and temperature of the MTJ as follows [28] :
Here, V 0 is another empirical fitting parameter.
III. SPICE MODEL FRAMEWORK A. KEY FEATURES
There have been a few compact MTJ models proposed in the past [31] - [34] . However, they required off-line calculations for geometry-dependent effective anisotropy field and thus lacked the flexibility to study necessary scaling trends. A technology agnostic model was proposed in [16] and [28] and solved some of these issues. However, the SHE-MRAM model proposed in [16] did not model the LLG equation for the PMTJ. Moreover, the model lacked the geometry dependence of θ SHE .
We developed an SPICE model fulfilling all the aforementioned qualities. The list of user-defined input parameters are given in Table 2 . Our model has three main subcircuits with basic circuit elements to capture the physics of MTJ, namely the resistance, heat diffusion, and the dynamic spin motion. .
B. MODES OF SWITCHING
With the comprehensive list of user-defined input, our model works for IPMTJ/PMTJ structures under a variety of MTJ switching scenarios, including STT switching/SHE switching, with/without field, and so on. Here, we focus on the switching of PMTJ, which is preferred for memory applications due to higher storage density, better thermal stability, and lower power consumption [35] . Four typical switching (d) is generated by the in-plane layer of composite MTJ. It is worth noting that this effective external field may have some other sources as described in [24] - [26] .
C. MODEL DESCRIPTION
All of the components required to calculate the dynamics of magnetization as described in (5) are realized in SPICE with basic circuit elements and SPICE commands in different subcircuits similar to [28] . Hence, the compatibility with SPICE is ensured while solving mathematical problems regarding magnet physics. The internal calculations are performed by representing data as voltages and by using appropriate circuit relationships. For example, dependent sources were used to implement simple linear equations as in (7) that uses node voltages and branch currents as internal variables. Multiplications as in (6) were realized with a current source and resistor where current and resistors are the multiplicands, and the voltage across the resistance is the result. The differential LLG equation computation described in (5) was implemented using a voltage-dependent current source with a capacitor in parallel. The MTJ temperature was implemented with a simple RC line model [33] . Three separate circuits were built to capture the 3-D vector information. The subcircuits are then put together in one model file to combine the temperature and resistance of the system with the dynamic motion of spin.
The initial angle of the MTJ plays a critical role in the switching mechanism. The model has two options for initial angle, θ ini . The default option is to use (13) , and the other option is to use sampled data from the initial angle distribution described in (14) for the Monte Carlo simulation. Additionally, a random thermal field with Gaussian distribution with standard deviation described in (15) is added as a voltage source with the anisotropy field to emulate runtime stochasticity.
The framework is described in Fig. 10 . Here, both SHE and STT are solved in the same LLG solver to accommodate the case where both effects are present. The applied field, either from an external source or from an in-plane layer in the composite structure, is another input to the model. The addition of applied field in the system provides additional flexibility to analyze the field-assisted switching as well.
IV. DESIGN AND PERFORMANCE ANALYSIS
We will divide this section in the following manner: we first describe the simulation setup for four different write schemes and then the Monte Carlo simulation based on initial angle distribution.
A. SIMULATION SETUP
We have chosen a PMA SHE-MRAM with dimension 45 nm × 45 nm × 0.7 nm with a of 70, which corresponds to a ten-year retention time based on a memory size of 128 MB and failure probability of 0.01% [28] . The magnetic and geometric parameters of MTJ and SHM are listed in Table 3 .
We have analyzed four different schemes to write a PMA MTJ as shown in Fig. 11 . The schemes are as follows.
1) Scheme (a): STT-only switching.
2) Scheme (b): SHE-only switching (external field).
3) Scheme (c): SHE-assisted STT switching (without field). 4) Scheme (d): SHE-assisted STT switching (external field). A traditional MRAM and MTJ structure was assumed for scheme (a) and scheme (c) switching while a composite MTJ structure of Fig. 7 was assumed for the other two schemes.
B. MONTE CARLO SIMULATION RESULTS
The initial angle, θ ini , plays a vital role in the switching process of the STT-MRAM. The switching time increases very fast with the decrease of θ ini as shown in Fig. 12 . We can VOLUME 3, 2017 FIGURE 12. Effect of initial angle on PMTJ switching time. explain this behavior from the LLG equation as described in (5) . The Slonczewski term in the LLG equation depends on the magnitude of the cross product M × M p . The magnitude of this term is tiny for small initial angle as it depends on the sin(θ ini ), where θ ini is the angle between M and M p . The STT cannot begin the switching process if θ ini = 0. On the other hand, Fig. 12 also shows that the initial angle does not affect the switching time of an SHE-MRAM significantly. The angle of interest for the SHE is already very large and close to π/2 as evident from (5). Hence, the small change in the initial angle is not very significant for the SHE-MRAM.
We sampled 1000 initial angles from the probability density functions defined in (14) and ran Monte Carlo simulation with a Gaussian random thermal field with σ H th = 9.2 mT calculated using (15) . The write time for both PMA STT-MRAM and SHE-MRAM are shown in Fig. 13 . The STT and SHE currents used were 100 µA and 400 µA, respectively. For scheme (b), the time to take the magnetization to bring down up to the in-plane level was less than 1 ns, but the complete reversal required a larger delay. The SHE current, I SHE , was larger than STT current as the effective spin Hall angle, θ SHE was only 0.22 using (9) and smaller I SHE could not complete the write operation for the external field of 40 mT.
The Monte Carlo simulation showed an intriguing result in favor of the SHE-MRAM. Thermal fluctuation makes the write time of the STT-MRAM somewhat nondeterministic for real life application, and to avoid write error, very large write time has to be used. On the other hand, the write time of the SHE-MRAM is a very weak function of initial angle and is much more robust against thermal fluctuation. However, the write current required for SHE-only switching was very large. There are promising research initiatives going on to increase the bulk spin Hall angle, θ SHE0 , which will potentially bring the switching time requirement down [37] . For all the subsequent simulations, we have taken write time = mean + 6 × standard deviation (σ ) to emulate write error rate, WER = 10 −9 .
The SHE-assisted STT switching described in Fig. 11 also showed similar benefit as SHE-only switching in Monte Carlo simulation. However, the minimum SHE-current required to assist STT for schemes (c) and (d) was much smaller than the SHE-only case. Fig. 14 shows the SHEassisted STT write time with and without external field for 1000 Monte Carlo simulations. Here, I STT was 100 µA and the external field in scheme (d) was 40 mT. The results of scheme (c) show that the SHE can assist STT even without any external field.
The write energy of the STT-MRAM and SHE-MRAM cells including transistors for various write times for different write currents are shown in Fig. 15 . We have assumed that the voltage across the memory cell is the system V DD = 1.0 V . The write energy is beneficiary for SHE-only switching. However, the SHE-only switching requires a large current, which may prohibitively increase the access transistor size. SHE-assisted STT switching can also reduce the energy and delay requirement with a smaller overhead.
The current, delay, and energy of various write schemes are shown in Table 4 . As the scaling trend requires small write current, we considered STT-only switching with 100 µA as the base case. SHE-only switching showed the largest energy and delay reduction with a large SHE current. On the other hand, SHE-assisted STT switching of scheme (c) and scheme (d) showed 2× and 3× reduction in delay and energy, respectively. However, scheme (d) requires a composite structure similar to scheme (b). The small current overhead of scheme (c) and (d) makes the SHE-assisted STT a viable option for memory operation.
V. CONCLUSION
We benchmarked various write schemes of the STT-MRAM and the SHE-MRAM using our universal SPICE model. Monte Carlo simulation showed that SHE is less susceptible to thermal fluctuation than STT. SHE-only switching also showed an 8× and 7× delay and energy reduction, respectively. However, this scheme required a large write current of 400µA. SHE-assisted STT switching showed 2× and 3× delay and energy reduction, respectively, with a 250-ps SHE current pulse of 50 µA. These results indicate that SHEassisted STT scheme can be a viable candidate for embedded applications.
